؉ , although, with the exception of IL-1␤, the differences were not statistically significant. R. equi HK was a poor inducer of cytokine production. In conclusion, virulent and avirulent R. equi strains induced similar levels of cytokine synthesis. The slightly greater induction of most cytokines observed following infection with 103 ؊ is likely secondary to greater uptake by macrophages rather than to a direct role of VapA or another plasmid-encoded product in downregulating cytokine induction.
Rhodococcus equi, a gram-positive facultative intracellular pathogen of macrophages, is one of the most important causes of disease in foals between 1 and 5 months of age and has emerged as a significant opportunistic pathogen in human immunodeficiency virus-infected people (1, 10, 16) . Infection in either species is most commonly characterized by a life-threatening pyogranulomatous pneumonia. Although R. equi strains isolated from the intestinal tracts and environments of horses often do not possess virulence plasmids, virulence in pneumonic foals has been associated with the presence of 85-or 90-kb plasmids which encode a highly immunogenic 15-to 17-kDa surface-expressed virulence-associated protein (VapA) (38, 40, 41, 45, 46) . Plasmid-cured derivatives of R. equi lose their virulence for both mice and foals (44, 49) . Plasmid-containing strains replicate efficiently in mouse and equine macrophages cultured in vitro, while plasmid-negative strains or plasmidcured derivatives do not replicate appreciably (20, 30) .
In mice, functional CD4 ϩ T lymphocytes are required for pulmonary clearance of virulent R. equi (21) . Immunocompetent BALB/c mice experimentally infected with virulent R. equi developed a Th1 cytokine response and progressively cleared the infection (22) . In contrast, mice in which a Th2 cytokine response was induced by administration of monoclonal antibodies against gamma interferon (IFN-␥) failed to clear the infection and developed pulmonary granulomas (22) . The cytokine environment that is present as Th cells differentiate is important in determining the subset that will subsequently develop (6) . Because of its importance as an innate defense mechanism, the macrophage may be the key to the development of either a Th1 or a Th2 response by the nature of the cytokines produced shortly after infection. Interleukin 10 (IL-10), a cytokine produced mainly by monocytes/macrophages and T lymphocytes, can downregulate the progression of Th cells toward the Th1 cytokine profile (29) . In contrast, IL-12, a heterodimer produced mainly by phagocytic cells, selects for the development of a Th1 response (47) . Bacteria or their products can also induce macrophages to produce proinflammatory cytokines such as IL-1␤, tumor necrosis factor alpha (TNF-␣), and IL-6. These cytokines often play an important role in host defense against infection but may also contribute to lung pathology (34) . The ability of some strains of intracellular pathogens to survive in macrophages in vitro has been associated with their capacity to induce particular cytokines (14, 24, 37) .
We hypothesized that VapA or other plasmid-encoded products are important in regulating early cytokine induction by R. equi-infected macrophages. To address this hypothesis, we investigated the early events in the course of R. equi-macrophage interaction by evaluating intracellular survival and by measuring IL-1␤, IL-6, IL-10, IL-12, and TNF-␣ induction by mouse resident peritoneal macrophages infected with a virulent strain of R. equi containing an 85-kb plasmid and expressing VapA, its avirulent plasmid-cured derivative, and heatkilled bacteria.
MATERIALS AND METHODS

Bacteria. R. equi 103
ϩ , originally isolated from a pneumonic foal, which contains an 85-kb plasmid and produces VapA, and its plasmid-cured VapAnegative derivative (strain 103 Ϫ ) were used (5, 46) . Strain 103 ϩ induced severe granulomatous pneumonia in foals whereas strain 103 Ϫ did not induce gross or histologic lesions and was cleared rapidly following intrabronchial challenge (15) . Aliquots of the two strains were stored at Ϫ70°C. Prior to use, the aliquots were grown on Trypticase soy agar plates for 48 h at 37°C. Bacteria were harvested with 4 ml of sterile phosphate-buffered saline (PBS), pH 7.4, per plate, the optical density of the resulting suspension was read at 540 nm, and the bacterial concentration was estimated from a standard curve. The concentration of the inoculum actually derived was determined retrospectively by counting CFU.
Killed R. equi (HK) was obtained by heating strain 103 ϩ at 90°C for 45 min, and killing was confirmed by viability testing.
Macrophage culture. Murine peritoneal macrophages were washed from the peritoneal cavities of 18-to 20-g BALB/c mice with cold PBS supplemented with penicillin G and streptomycin (100 U/ml and 80 g/ml, respectively). The cells were centrifuged at 200 ϫ g for 5 min, counted, suspended at 4 ϫ 10 6 cells/ml in Dulbecco's modified Eagle's medium (DMEM) containing 2 mM glutamine and 10% fetal calf serum (FCS), and supplemented with penicillin G, streptomycin, and gentamicin (100 U/ml, 80 g/ml, and 20 g/ml, respectively). A 1-ml volume of the suspension was placed in each well of two-well glass chamber slides (Nunc, Naperville, Ill.), and the slides were incubated for 2 h at 37°C in a humidified atmosphere containing 7% CO 2 . Nonadherent cells were removed by washing the slides three times with warm DMEM-FCS, and the adherent cells were incubated overnight in antibiotic-free DMEM-FCS. Following overnight incubation and subsequent washing, approximately 2.5 ϫ 10 6 cells remained attached to each coverslip. Approximately 95% of the adherent cells were macrophages as determined by Wright-Giemsa stain (Diff-Quik; Dade Diagnostics, Aquada, Puerto Rico).
In vitro infection and bacterial intracellular survival assay. Bacterial cultures were resuspended in DMEM-FCS supplemented with 5% normal mouse serum as the complement source. The bacterial suspension containing either 103 ϩ , 103 Ϫ , or HK was added to the monolayers at a multiplicity ratio of two to five bacteria per macrophage. Noninfected macrophage monolayers cultured under the same conditions were used as controls. The slides were incubated for 40 min to allow phagocytosis. The monolayers were then washed three times and incubated in DMEM-FCS supplemented with 10 g of gentamicin per ml to kill remaining extracellular bacteria and to prevent extracellular growth with continuous reinfection of macrophages (20) . At 0, 4, 12, 24, and 48 h postinfection, monolayers were fixed and stained with Wright-Giemsa stain (Diff-Quik) to enumerate R. equi organisms. The number of bacteria associated with 200 macrophages was determined. Because of the difficulty in reliably counting large numbers of bacteria in a macrophage, any cell containing 10 or more bacteria was scored as having 10 bacteria. At each time point, the number of macrophages containing Ն10 bacteria was also determined. In parallel monolayers, the supernatants were removed, centrifuged at 400 ϫ g for 10 min, aliquoted, and stored at Ϫ70°C until used for measurement of cytokine concentrations. In these monolayers, the macrophages were used for RNA extraction. For each group (103 ϩ , 103 Ϫ , HK, and negative control), three independent experiments were performed. Throughout the study, aliquots of the supernatant from each well were cultured to confirm the absence of bacteria other than R. equi.
Evaluation of endotoxin concentration. Endotoxin concentrations of all media and reagents at the concentrations used in this study were less than the lower detectable limit of 0.5 ng/ml as determined by the Limulus amebocyte lysate assay (BioWhittaker, Walkersville, Md.).
RNA isolation and cDNA synthesis. At the times indicated above, the monolayers were washed three times with PBS and total RNA was isolated by a modification of the single-step guanidinium thiocyanate procedure (Micro-Scale Total RNA Separator Kit; Clontech, Palo Alto, Calif.) (4) .
cDNA was synthesized with the Clontech 1st-Strand cDNA synthesis kit by the protocol of the manufacturer. Briefly, 1 g of total RNA was mixed with 1 l of oligo(dT) 18 primer (20 M) and heated at 70°C for 2 min. After the mixture was cooled to room temperature, the following reagents were added: 4 l of 5ϫ reaction buffer (containing 250 mM Tris-HCl [pH 8.3], 375 mM KCl, and 15 mM MgCl 2 ), 1 l of deoxynucleoside triphosphates (10 mM each), 0.5 l of RNase inhibitor (40 U/l), and 1 l of Moloney murine leukemia virus reverse transcriptase (200 U/l). The mixture was incubated at 42°C for 1 h, heated at 94°C for 5 min, diluted to a final volume of 100 l, and stored at Ϫ70°C until used for PCR analysis.
PCR analysis. PCR primer pairs specific for mouse glyceraldehyde 3-phosphate dehydrogenase (G3PDH), IL-1␤, IL-6, IL-10, and TNF-␣ (Clontech) and IL-12 p40 (BioSource International, Camarillo, Calif.) were purchased. cDNA as prepared above (2 l) was amplified in a 50-l PCR in the presence of 0.4 M (each) primer, 0.2 mM (each) deoxynucleoside triphosphates, 5 l of 10ϫ reaction buffer (containing 10 mM Tris-HCl [pH 8.3] and 50 mM KCl), 1.5 mM MgCl 2 , and 2 U of Taq DNA polymerase (AmpliTaq; Perkin-Elmer, Branchburg, N.J.). PCR was performed with an initial denaturation step at 94°C for 2 min and with 35 cycles of amplification followed by a 7-min extension at 72°C. Each cycle included denaturation at 94°C for 45 s, annealing at 60°C for 45 s, and extension at 72°C for 2 min. Amplified PCR products were visualized by electrophoresis of 10 l of the reaction mixture on a 1.6% agarose gel followed by ethidium bromide staining. The specificities of the amplified bands were confirmed by their predicted sizes based on a molecular weight standard. Samples without cDNA were always included in the amplification reactions to check for contamination.
Quantification of mRNA by competitive PCR. mRNA expression of G3PDH, IL-1␤, IL-6, IL-10, IL-12 p40, and TNF-␣ was determined quantitatively by competitive PCR. Equal amounts of cDNA were amplified in the presence of 2 l of fourfold serially diluted nonhomologous DNA fragments (Mimic) competing for the same primers (39, 48) . Mimics for G3PDH, IL-1␤, IL-6, and TNF-␣ were purchased (Clontech) or prepared (IL-10 and IL-12 p40) with the PCR Mimic construction kit (Clontech). Following gel electrophoresis and ethidium bromide staining, densitometric analysis of the bands corresponding to the target and the competitor product was performed with a gel video system (Molecular Analyst; Bio-Rad, Hercules, Calif.). The densitometric analysis results were used to plot a standard curve from which the amount of target cDNA was determined. To account for variation in the amount of starting material, all the results were corrected to the mean G3PDH value.
Measurement of IL-1␤, IL-6, IL-10, IL-12, and TNF-␣ concentrations. Cytokine concentrations in the supernatants of macrophage monolayers were measured with enzyme-linked immunosorbent assay kits (BioSource International). Each sample was assayed in duplicate. The lower detection limits were 7, 8, 13, 2, and 3 pg/ml for IL-1␤, IL-6, IL-10, IL-12, and TNF-␣, respectively. The IL-12 assay recognizes both natural IL-12 and the free p40 subunit.
Statistical analysis. Significant differences in bacterial numbers between monolayers infected with 103 ϩ and those infected with 103 Ϫ were determined at each time point by the two-tailed Student t test. Significant differences in cytokine production among the four different bacterial groups (103 ϩ , 103 Ϫ , HK, and negative control) over a 48-h period were tested for each cytokine by use of a two-way analysis of variance with bacterial groups and time as factors. A significance value of Յ0.05 was used. Ϫ , and HK, respectively. At that time, 10 g of gentamicin per ml was added to the cell culture medium to kill remaining extracellular bacteria. At various times following infection, the number of bacteria associated with 200 macrophages was counted. R. equi cells were seen as pleomorphic coccobacilli enclosed by a clear zone in the cytoplasm, presumably a phagocytic vacuole. At time zero, the macrophages infected with 103 Ϫ contained significantly more organisms than those infected with either 103 ϩ or HK (Fig. 1A) . The numbers of bacteria in the macrophages infected with 103 Ϫ and HK decreased progressively, whereas 103 ϩ numbers remained constant over 48 h. There were no differences in the morphologies of macrophages infected with either 103 ϩ or 103 Ϫ at any time. Bacterial quantification was hampered because intracellular R. equi grew in clusters, making the bacteria difficult to count precisely. Therefore, heavily infected cells were scored as having 10 bacteria even though the actual number of organisms was likely much higher. For this reason, the number of macrophages containing 10 or more bacteria was also counted at each time. At 0, 4, and 12 h postinfection, the number of macrophages containing Ն10 bacteria was significantly higher for the 103 Ϫ -infected monolayers than for those infected with either 103 ϩ or HK (Fig. 1B) . The numbers of macrophages containing Ն10 103 Ϫ or HK bacteria decreased progressively, whereas the numbers remained constant in the 103 ϩ -infected cells. The greater number of bacteria and heavily infected cells at time zero in the monolayers infected with 103
RESULTS
Differences in uptake and
Ϫ was the result of enhanced uptake of 103 Ϫ since there were no significant differences in the numbers of viable 103 ϩ and 103 Ϫ bacteria used for infection.
Induction of cytokine mRNA expression in macrophages infected with virulent and avirulent R. equi. To investigate the role of macrophages in the induction of inflammation and regulation of immune response in rhodococcal infections, we infected BALB/c mouse resident peritoneal macrophages with the R. equi strains and quantitated mRNA levels at 0, 4, 12, 24, and 48 h postinfection by competitive reverse transcriptase PCR. Low concentrations of IL-1␤, IL-6, IL-10, IL-12 p40, and TNF-␣ mRNA were detected in noninfected control macro-phages at all times, suggesting that glass adherence itself or other factors present in the supernatant stimulated low levels of cytokine mRNA expression. Therefore, the results were expressed as the fold of cytokine mRNA expression above that of noninfected cells. Cytokine mRNA expression at each time was measured from a pool of macrophages obtained from two independent experiments. IL-1␤, IL-6, IL-10, IL-12 p40, and TNF-␣ mRNA induction peaked at 4 h and returned to baseline between 12 and 48 h postinfection (Fig. 2) . Monolayers infected with 103
Ϫ induced approximately twice as much IL-1␤, TNF-␣ and IL-10 as those infected with 103 ϩ (Fig. 2A , C, and D). IL-6 and IL-12 p40 mRNA expression was slightly greater in the 103 ϩ -infected monolayers ( Fig. 2B and E) . For all the cytokines evaluated, HK induced considerably less mRNA expression than did live bacteria.
Cytokine concentrations in the culture supernatants of macrophages infected with virulent and avirulent R. equi. To confirm that cytokine mRNA expression induced by virulent and avirulent strains of R. equi reflected cytokine release, we measured concentrations of IL-1␤, IL-6, IL-10, IL-12, and TNF-␣ in the supernatants of the same R. equi-infected monolayers as those used for cytokine mRNA quantification. Cytokine concentrations in the supernatants of noninfected monolayers cultured under the same conditions were used to establish basal cytokine production. IL-1␤ production over a 48-h period was significantly greater in the monolayers infected with 103 Ϫ than in those infected with 103 ϩ (Fig. 3A) . Although HK-infected monolayers induced 25 times more IL-1␤ mRNA expression than noninfected cells, this cytokine could not be detected in the supernatants of either group. Mean IL-6, IL-10, and TNF-␣ concentrations were higher in the supernatants of monolayers infected with 103 Ϫ than in those from monolayers infected with 103 ϩ , although differences over the 48-h period were not statistically significant (Fig. 3B, C, and D) . 103 ϩ -and 103 Ϫ -infected monolayers produced significantly more IL-1␤, IL-6, IL-10, and TNF-␣ than noninfected cells and more IL-1␤, IL-6, and IL-10 than monolayers infected with HK. The difference in TNF-␣ production between 103 ϩ -and HK-infected monolayers was not statistically significant. Although mean IL-6, IL-10, and TNF-␣ concentrations were consistently higher in the HKinfected monolayers than in noninfected cells, the differences were not statistically significant. IL-12 or IL-12 p40 could not be detected in the supernatants even though 103 ϩ and 103
Ϫ induced up to 39-fold IL-12 p40 mRNA expression. For all the other cytokines measured, however, there was concordance between mRNA expression and the amount of cytokine in the supernatant.
DISCUSSION
It was shown here for the first time that both a virulent VapA ϩ strain of R. equi and its avirulent plasmid-cured derivative induce expression of IL-1␤, IL-6, IL-10, IL-12 p40, and TNF-␣ mRNA by resident macrophages. In order to determine if differences in cytokine induction between virulent and avirulent strains could be explained by variations in the extent of phagocytosis, uptake and intracellular survival of the two strains were evaluated with a resident macrophage population. Hondalus and Mosser (20) recently demonstrated the similarity of R. equi intracellular survival between BALB/c mouse peritoneal macrophages and equine alveolar macrophages, supporting the validity of the murine system as an in vitro model for studying early R. equi-macrophage interactions. Because of errors in using CFU to evaluate R. equi killing by macrophages (20) , we evaluated intracellular survival by counting morphologically intact bacteria after methanol fixation and WrightGiemsa staining. Although this technique did not allow us to differentiate between intra-and extracellularly located bacteria, it has been shown that the majority of R. equi bacteria that are cell associated under light or immunofluorescence microscopy are intracellular (20, 51) .
The avirulent plasmid-cured derivative was phagocytized to a greater extent than the parent strain but was progressively cleared by macrophages. In contrast, bacterial numbers in the monolayers infected with the parent strain remained constant over the 48-h period (Fig. 1) . These results differ from those of Hondalus and Mosser (20, 30) , who found that virulent, plasmid-containing strains replicated extensively in mouse peritoneal macrophages, whereas plasmid-negative or plasmid-cured strains persisted but did not replicate. Differences in extents of phagocytosis between plasmid-positive strains and plasmidcured derivatives were not reported (20, 30) . Our results are, however, similar to those of Takai et al. (43), who found that mouse virulent strains were somewhat resistant to phagocytosis, resisted intracellular killing, and failed to multiply significantly. In contrast, the avirulent strains were phagocytized to a greater extent but were progressively cleared by mouse macrophages (43) . In mice, functional T lymphocytes are absolutely required for in vivo clearance of R. equi (32) . T-lymphocyte-deficient athymic nude mice developed severe pulmonary granulomas after experimental infection with virulent R. equi, whereas the plasmid-cured derivative bacteria failed to induce granulomas and were totally cleared from the lungs within 1 week of infection (26) . Immunocompetent BALB/c mice seroconverted following infection with virulent R. equi, but no antibody response could be detected after challenge with the plasmid-cured derivative (42) . These results suggest that clearance of avirulent plasmid-negative strains in mice does not require functional T lymphocytes and depends mainly on innate defense mechanisms such as macrophages. Taken together, these in vivo studies support in vitro findings reported here that the plasmid-cured derivatives are progressively cleared by macrophages rather than being able to persist intracellularly. Optimal adherence of R. equi to macrophages in vitro requires host complement, and binding has been shown to be mediated exclusively by Mac-1, the macrophage complement receptor type 3 (19) . However, others have found that adherence to macrophages or HeLa cells correlates with hemagglutination and hydrophobicity (2, 5, 13) . In one study, strain 103 Ϫ was found to associate better with HeLa cells than its parent strain, presumably due to a more hydrophobic surface (5). The greater hydrophobicity of this strain may have contributed to the greater uptake observed in this study. Our results and those of others show that the virulence plasmid is required for survival of R. equi in macrophages and perhaps also may contribute to reducing phagocytosis. However, because we have not excluded a chromosomal mutation in the plasmid-cured derivatives, definitive proof awaits reintroduction of the plasmid into plasmid-cured derivatives with full restoration of virulence and intracellular survival.
Macrophages infected with the avirulent strain induced almost twice as much IL-1␤, TNF-␣, and IL-10 but slightly less IL-6 and IL-12 p40 mRNA expression compared with those infected with the parent strain (Fig. 2) . In most cases, mRNA expression concurred well with cytokine production and reflected the early bacterial numbers associated with macrophages. Mean concentrations in the supernatants for all the cytokines detected were also consistently higher in the 103 Ϫ -infected monolayers, although with the exception of IL-1␤, the differences were not statistically significant (Fig. 3) . Cytokine mRNA induction occurred maximally at 4 h postinfection and declined markedly by 12 h, whereas the cytokines persisted in the supernatant over 48 h. The greater induction of cytokines following infection with 103 Ϫ is likely secondary to the greater uptake of this strain by macrophages (Fig. 1) . VapA has recently been found to be lipid modified, giving it hydrophobic properties (46) . Lipoproteins from various bacterial species can induce cytokine release by macrophages (18) . The present study shows that VapA or other plasmid-encoded products are, however, not required for cytokine induction in the early phase of R. equi-macrophage interactions in mice. Other components such as capsular polysaccharide, peptidoglycan, lipoglycans, teichoic and lipoteichoic acids, or extracellular products must be responsible for this cytokine induction.
Activation of resident macrophages is one of the earliest events in the cellular host response to microbial invasion, and macrophage-derived cytokines play a key role in regulation of the immune response as well as initiation and amplification of the inflammatory process. TNF-␣ has been shown to play a fundamental role in the microbicidal activity against various organisms (12, 25) . TNF-␣ also mediates granuloma formation in mycobacterial inflammation (23) . In mice, administration of anti-TNF-␣ antibody inhibited the formation of Mycobacterium bovis BCG-induced granulomas, an effect associated with a decrease in antimycobacterial activity (23) . The role of TNF-␣ in induction of pulmonary granulomas in R. equi infections has never been addressed, but treatment of immunocompetent mice with anti-TNF-␣ antibody significantly increased bacterial numbers in tissues following intravenous challenge with R. equi (31) . The capacity of virulent Mycobacterium avium isolates to grow well in murine macrophages resides either in their ability to downregulate secretion of TNF-␣ (14, 37) or in their ability Letters differing between two groups indicate a statistically significant difference in cytokine production over a 48-h period (P Յ 0.05). When at least one letter is common between two groups, the difference is not statistically significant.
to upregulate soluble p75 TNF receptor (11) . Our results demonstrate that, as opposed to that of M. avium, the capacity of R. equi to survive in murine macrophages is not related to early TNF-␣ production. However, concentrations of soluble TNF receptors were not addressed in the present study. IL-1 has also been shown to play an essential role in the early resistance against various intracellular bacterial pathogens (8, 25) , but our results also show no correlation between IL-1␤ production and intracellular survival. However, IL-1 activity may also depend on soluble IL-1 receptor and IL-1 receptor antagonist concentrations. The role of IL-6 during infection by intracellular pathogens is more controversial and may be pathogen specific. In vitro, IL-6 enhanced the bactericidal activity of murine macrophages infected with Listeria monocytogenes (7). However, IL-6 acted as a growth factor for intracellular survival of M. avium in vitro and impaired the ability of human macrophages to respond to stimulation with recombinant TNF-␣ (9). In our study, IL-6, a potent hepatocyte-stimulating factor and a key player in the acute-phase response, was produced in very high concentrations in the monolayers infected with viable bacteria. High IL-6 concentrations, if also present in vivo, may contribute to the prominent and consistent rise in levels of acute-phase proteins such as fibrinogen during rhodococcal infections in foals.
The role of IL-10 in antibacterial resistance is also complex and perhaps influenced by the timing of its production. In vitro evidences indicate that IL-10 downregulates the progression of Th cells toward the Th1 cytokine profile (29) . Therefore, IL-10 decreases the resistance of mice to various intracellular pathogens (29) . Paradoxically, administration of anti-IL-10 antibody to mice just before challenge with L. monocytogenes enhanced resistance to infection whereas administration 1 to 3 days after infection impaired resistance (50) . Our results demonstrate no relation between IL-10 production and intracellular survival. IL-12 is a heterodimer composed of two covalently linked chains, a heavy chain or p40 and a light chain or p35. The message for the IL-12 p40 gene is expressed only in the cell types producing the biologically active heterodimer whereas the message for the p35 subunit is expressed, often constitutively, in almost every cell type (47) . In response to IL-12, IFN-␥ is rapidly produced first by NK cells and then by T cells. The IL-12-induced IFN-␥ enhances phagocytosis and bactericidal activity by phagocytic cells (47) . In this study, R. equi induced IL-12 p40 mRNA expression, but IL-12 concentrations in the supernatant, if present, were below the limit of detection. In view of the central role of IL-12 in selecting for the development of a Th1 response, it was perhaps surprising that none was detected in the supernatant of macrophages. BALB/c mice have been previously shown to develop a Th1-based immunity to R. equi, even though BALB/c mice are recognized to be generally deficient in their ability to generate a Th1 response to intracellular pathogens (17, 27) .
We found that R. equi HK is a poor inducer of cytokine production by murine peritoneal macrophages compared to live bacteria. However, Pece et al. (33) found that killed R. equi induced significant TNF-␣, IL-6, and IL-8 production by human peripheral blood mononuclear cells. As opposed to live bacteria, killed L. monocytogenes did not induce TNF-␣ or IL-6 mRNA in a murine macrophage cell line (24) . Similarly, viable L. monocytogenes stimulated high levels of IL-1 release while killed bacteria did not (28) . In the same study, the failure of heat-killed L. monocytogenes to induce IL-1 release was not due to heat treatment because mechanically disrupted bacteria also failed to induce IL-1 release (28) . In the present study, although R. equi HK induced a 25-fold rise in IL-1␤ mRNA expression, this cytokine could not be detected in the supernatant, suggesting either posttranscriptional regulation or release of IL-1␤ concentrations below the limit of sensitivity of the test. IL-1 plays a key role in T-lymphocyte activation, and it can be hypothesized that the ineffectiveness of killed R. equi vaccine (32, 35) compared to live vaccine (3, 36) in both mice and foals may be due to insufficient production of IL-1 in the initial phase of the immune response in vivo.
This study demonstrated that live R. equi can induce resident macrophages to produce several cytokines likely to play an important role in inflammation and regulation of the immune response. The virulence of R. equi has been shown to correlate with its ability to survive in macrophages, but the virulence of R. equi did not affect early cytokine release by macrophages. Further studies are necessary to examine the role of these cytokines in the pathogenesis of and immunity to R. equi infections.
